Gibberella zeae is one of the most devastating pathogens of barley and wheat in the United States. The fungus also infects noncereal crops, such as potatoes and sugar beets, and the genetic relationships among barley, wheat, potato, and sugar beet isolates indicate high levels of similarity. However, little is known about the toxigenic potential of G. zeae isolates from potatoes and sugar beets. A total of 336 isolates of G. zeae from barley, wheat, potatoes, and sugar beets were collected and analyzed by TRI (trichothecene biosynthesis gene)-based PCR assays. To verify the TRI-based PCR detection of genetic markers by chemical analysis, 45 representative isolates were grown in rice cultures for 28 days and 15 trichothecenes and 2 zearalenone (ZEA) analogs were quantified using gas chromatography-mass spectrometry. TRI-based PCR assays revealed that all isolates had the deoxynivalenol (DON) marker. The frequencies of isolates with the 15-acetyl-deoxynivalenol (15-ADON) marker were higher than those of isolates with the 3-acetyl-deoxynivalenol (3-ADON) marker among isolates from all four crops. Fusarium head blight (FHB)-resistant wheat cultivars had little or no influence on the diversity of isolates associated with the 3-ADON and 15-ADON markers. However, the frequency of isolates with the 3-ADON marker among isolates from the Langdon, ND, sampling site was higher than those among isolates from the Carrington and Minot, ND, sites. In chemical analyses, DON, 3-ADON, 15-ADON, b-ZEA, and ZEA were detected. All isolates produced DON (1 to 782 g/g) and ZEA (1 to 623 g/g). These findings may be useful for monitoring mycotoxin contamination and for formulating FHB management strategies for these crops.
Gibberella zeae (Schwein.) Petch (anamorph, Fusarium graminearum Schwabe) causes Fusarium head blight (FHB) in wheat and other small grains worldwide (24, 32) . In past decades, severe FHB epidemics in the United States have been reported, causing high-yield losses and mycotoxin contamination (8, 24, 40) . Among mycotoxins, trichothecenes are one of the major groups (8) and include deoxynivalenol (DON), nivalenol (NIV), 3-acetyl-deoxynivalenol (3-ADON), and 15-acetyl-deoxynivalenol (15-ADON) (28, 29) . DON is regarded as one of the most important trichothecenes because it accumulates to toxic levels in the infected grains and it is potentially harmful to human and animal health (8, 10) . In general, these toxins mainly inhibit protein synthesis and mitochondrial function in eukaryotic cells (33) .
Genes required for trichothecene biosynthesis in G. zeae have been cloned, and the functions of some of these genes have been investigated previously (4, 9, 21) . TRI (trichothecene biosynthesis gene)-based PCR assays have been developed and used to identify G. zeae isolates associated with DON, 3-ADON, 15-ADON, and NIV markers (7, 21, 35, 38) . The identification of G. zeae genotypes by TRI-based PCR assays (7, 35, 38) has been validated previously by gas chromatography-mass spectrometry (GC-MS) analyses (4, 6) .
In North Dakota and Minnesota, climactic conditions, soils, and agronomic practices are suitable for barley, wheat, potato, and sugar beet cultivation. Abundant rainfall and warm temperatures often occur during multiple growth stages of these crops in both states (25) . These environmental conditions are highly conducive to G. zeae infection and mycotoxin contamination. Recently, G. zeae has been reported to cause dry rot in potatoes (1) and Fusarium yellows in sugar beets (16) , and it has been associated previously with moldy sugar beets in storage (3) . In addition, G. zeae isolates from potatoes and sugar beets cause typical FHB symptoms in susceptible wheat cultivars (6, 12) . Although G. zeae can cause severe infections in potato tubers and sugar beet taproots under conditions favorable for disease development, estimates of yield losses due to the disease are not yet available. However, a survey of commercial potato storages in North Dakota and Minnesota in 2004 and 2005 showed that 42% of the dry rot was caused by G. zeae (12) .
North Dakota State University (NDSU) has released several wheat cultivars moderately resistant to FHB (26) . Among them, Alsen, Glenn, and Steele-ND have been widely cultivated in North Dakota. For example, Alsen accounted for 29 and 23% of the wheat acreage in North Dakota during 2004 and 2005, respectively (36) . Although several other wheat cultivars, such as Briggs, Dapps, Granite, Gunner, Knudson, Norpro, and Saturn, are commercially grown in North Dakota, these cultivars are susceptible to FHB. The influence of relatively new FHB-resistant wheat cultivars on mycotoxin profiles of G. zeae has not been examined fully.
We hypothesize that G. zeae isolates collected from potatoes and sugar beets can produce different mycotoxins at quantities similar to those produced by isolates obtained from barley and wheat and that these isolates can be distinguished by PCR detection of genetic markers and chemical analyses. The main objectives of this study were to (i) determine the frequencies of G. zeae isolates linked with different trichothecene-specific ge-netic markers, (ii) validate the use of TRI-based PCR genotyping by chemical analysis as an alternative to mycotoxin profiling of G. zeae by GC-MS, and (iii) examine the effects of crops, wheat cultivars, and sampling sites on the occurrence of isolates associated with the 3-ADON and 15-ADON markers. In this paper, the term "population" refers to all isolates from one crop, location, or wheat cultivar. We use different terms to describe G. zeae isolates analyzed by TRI gene-based PCR assays and those analyzed by GC-MS to avoid any confusion between the results of these assays. Isolates determined by TRI gene-based PCR assays to be associated with the 3-ADON or the 15-ADON marker are referred to as isolates with the 3-ADON or the 15-ADON genetic marker. In contrast, G. zeae isolates for which we actually measured the production of mycotoxins by GC-MS are described as DON, 3-ADON, and 15-ADON producers. This study provides information on how crops, sampling sites, and host plant resistance affect the distribution of trichothecene-producing isolates of G. zeae in North Dakota.
MATERIALS AND METHODS
Fungal populations. Detailed information concerning the methods of sample collection and the sources, isolation, and identification of G. zeae isolates was provided previously (5, 6) . In all, 336 isolates of G. zeae from barley (n ϭ 28 isolates), wheat (n ϭ 243 isolates), potatoes (n ϭ 38 isolates), and sugar beets (n ϭ 27 isolates) were included in this study.
DNA extraction and PCR primers. Genomic DNA from each isolate was extracted as described previously (5) . The primers used for TRI-based PCR assays (Table 1) were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA).
Analysis of G. zeae isolates by TRI-based PCR assays with allele-nonspecific (TRI13) and allele-specific (TRI3 and TRI12) markers. We conducted the following two tests to determine if G. zeae isolates collected from barley, wheat, potatoes, and sugar beets could be differentiated by TRI-based PCR assays (7, 35, 38) . To differentiate isolates associated with the DON marker as well as the NIV marker from the four crops, the TRI13-based PCR assay was performed (7). All reagents used for PCR assays were bought from Promega Corporation (Madison, WI). PCRs and conditions were as described previously (7) with some modifications. Briefly, each PCR mixture (12 l) contained 5.0 l of sterile ultrapure water, 1.0 l of 10ϫ PCR buffer, 1.0 l of 25 mM MgCl 2 , 0.25 l of 10 mM deoxynucleoside triphosphate mix, 0.75 l of 5-U/l Taq polymerase, 1 l of a 2 M concentration of each forward and reverse primer, and 2 l of 10-ng/l genomic DNA.
To further differentiate isolates associated with the DON marker into isolates with the 3-ADON marker and those with the 15-ADON marker, we used two TRI-based multiplex PCR assays (35, 38) . Our multiplex approach used four primers (one reverse primer and three forward primers) in each assay ( Table 1 ); primers that were designed from the trichothecene 15-O-acetyltransferase (TRI3) gene corresponded to the TRI3-based multiplex PCR assay, and those designed from the trichothecene efflux pump (TRI12) gene corresponded to the TRI12-based multiplex PCR assay ( Table 1 ). All PCRs and conditions were the same as those described previously (35, 38) .
Gel electrophoresis and photography. PCR assays were repeated at least twice to verify the reproducibility of results. In negative control reactions, water was used instead of DNA. Either the 50-bp or the 1-kb DNA ladder (Invitrogen Corporation, Carlsbad, CA) was used as a size marker. The PCR products were separated on gels of 2% (wt/vol) agarose (Amresco, Solon, OH) and stained with ethidium bromide (10 mg/ml) for 10 min. After the destaining of the gels with distilled water for 20 min, photographs were taken with a Fluorochem 2200 image system (Alpha Innotech Corp., San Leandro, CA).
Chemical analysis of mycotoxins by GC-MS. To verify the results of assays for TRI-based genetic markers by chemical analyses, 45 representative isolates (4 isolates from barley, 30 isolates from wheat, 5 isolates from potatoes, and 6 isolates from sugar beets) were randomly selected and 15 trichothecenes and 2 zearalenone (ZEA) analogs were quantified using GC-MS. Isolates associated with both the 3-ADON and 15-ADON markers from the four crops and the 10 wheat cultivars were included in this experiment. Approximately 30 g of rice grains was soaked in 100 ml of sterile distilled water in each 250-ml Erlenmeyer flask for 6 h. Water was drained from each flask, and the soaked rice was autoclaved twice. A single-spore culture of each isolate stored at Ϫ80°C was revived on half-strength potato dextrose agar (Difco Co., Detroit, MI). An inoculum of each isolate was prepared from 8-to 10-day-old cultures, and the inoculum concentration was adjusted to 5 ϫ 10 5 conidia/ml with a hemacytometer. Five milliliters of the inoculum of each isolate was added to each flask. Each isolate was grown at the same time in three 250-ml Erlenmeyer flasks containing rice medium, and the isolate grown in one flask was considered to be one replicate. To distribute the fungal growth evenly throughout the medium, the flasks were shaken by hand twice daily for the first 4 days and incubated for 28 days in the dark at room temperature. Rice cultures were lyophilized at Ϫ80°C for 72 h and ground to a fine powder with a mortar and pestle. A 5-g portion of each ground sample was extracted for 1 h with 40 ml of acetonitrile-water (84:16 [vol/vol]) on a horizontal shaker. Approximately 6 ml of the sample extract was gravity filtered through 1.5 g of C 18 -alumina at a ratio of 1:1. A 3-ml aliquot of the purified extract was transferred into a vial. The solvent was evaporated at 55°C for 1 h. Mycotoxin production was confirmed by GC-MS analysis of trimethylsilyl derivatives. The residue was derivatized with N-trimethylsilylimidazole-trimethylchlorosilane-n,o-bis(trimethylsilyl)trifluoroacetamide-pyridine to form trimethylsilyl ester derivatives of trichothecenes and estrogens.
Each isolate grown in a rice culture was used to quantify 15 trichothecenes (DON, 3-ADON, 15-ADON, NIV, fusarenon X, diacetoxyscirpenol [DAS], scirpentriol, 15-acetoxyscirpentriol, T-2 toxin, iso-T-2 toxin, acetyl-T-2 toxin, T-2 triol, T-2 tetraol, HT-2 toxin, and neosolaniol) and 2 ZEA analogs (b-ZEA and ZEA) by GC-MS at the Veterinary Diagnostic Laboratory, NDSU, Fargo. The GC-MS system consisted of an Agilent network gas chromatograph (model no. values) and electron ionization were used for three or four ion fragments per mycotoxin. The capillary column was held at 90°C for 1 min after on-column injection and heated to 210°C at 50°C/min, and the temperature was then ramped up to 295°C at 5°C/min, after which it was ramped up to 310°C at 50°C/min and held at this point for 1 min (for a total of 21.7 min for the heating procedure) before recycling. The general levels of recovery of mycotoxin at 1 g/g ranged from 80 to 100%. Fusarium trichothecene standards for DON, 15-ADON, HT-2 toxin, T-2 toxin, DAS, and ZEA were purchased from BioPure Healing Products (Bellevue, WA), while standards for the rest of the mycotoxins were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Mirex (Absolute Standards, Inc., Hamden, CT) was used as an internal standard, and a 1-g/g standard that included all 17 mycotoxins was injected for identification. The standard curves were established from 0.2, 0.5, 1, 3, and 6 g/g for DON, 15-ADON, HT-2 toxin, T-2 toxin, DAS, and ZEA, while the remaining mycotoxins were estimated based on the 1-g/g standard containing all 17 compounds. The estimated detection limit for the all 17 mycotoxins was 0.5 g/g. The 15 trichothecenes and 2 ZEA analogs in rice cultures were evaluated by GC-MS based on the comparison of the mass spectra of both internal and external standards and the development of peaks in the samples analyzed. Data analysis. Polymorphic DNA fragments were scored manually based on the presence or absence of DNA bands generated by TRI-based PCR assays. To test the effects of crops, wheat cultivars, and sampling sites on the distribution of isolates with the 3-ADON and 15-ADON markers, the 2 test was performed using SAS (version 9.1; SAS Institute, Cary, NC). Analysis of variance (ANOVA) was performed with log-transformed data for mycotoxin production by 45 isolates in chemical analyses using SAS. The experiments were designed in a randomized complete block design. Mycotoxin samples from the same isolates assayed at multiple time points were considered to be replicates. ANOVAs for DON, 3-ADON, and 15-ADON were performed with three replicates of each isolate, while ANOVA for ZEA was performed with two replicates of each isolate. Standard errors for mycotoxins were calculated to observe the differences among different cultures of the same isolates. All values for mycotoxins produced by G. zeae isolates are presented as means Ϯ standard errors (see Table 3 ). In addition, Pearson's correlation analysis was performed to determine the relationships between the genetic markers detected by TRI-based PCR and the results of chemical analyses.
RESULTS
Analysis of G. zeae isolates by TRI-based PCR assays. In the TRI13-based PCR assay, all 336 analyzed isolates from the four crops yielded the approximately 799-bp fragment expected for isolates with the DON marker (Fig. 1A) . None of the isolates yielded the 1,075-bp fragment expected for an isolate with the NIV marker. Further analysis of isolates with the DON marker was performed using the primer sets designed for the TRI3 and TRI12 genes (Table 1 ). In the TRI3-based multiplex PCR assay, 31% of isolates yielded the approximately 243-bp fragment expected for the 3-ADON marker, while 69% of isolates yielded the approximately 610-bp fragment expected for the 15-ADON marker (Fig. 1B) . Similar frequencies of 3-ADON and 15-ADON genetic markers were obtained from the TRI12-based multiplex PCR assay, in which isolates yielded the approximately 410-and 670-bp fragments expected for the 3-ADON marker and the 15-ADON marker, respectively (Fig. 1C) . The 2 value was highly significant ( 2 ϭ 22.52; P Ͻ 0.0001) for the frequency distribution of genetic markers for 3-ADON and 15-ADON among isolates of G. zeae from the four crops. Isolates with the 3-ADON and 15-ADON markers were detected among isolates from wheat, potatoes, and sugar beets; however, the majority of isolates (e.g., 62% of isolates from wheat and 84% isolates from potatoes) had the 15-ADON marker (Fig. 2) . The frequency of isolates with the 3-ADON marker among wheat isolates was nearly twofold higher than the frequencies of isolates with this marker among potato and sugar beet isolates. All analyzed isolates from barley had the 15-ADON marker.
The frequency distribution of isolates with the 3-ADON and 15-ADON markers from wheat was further analyzed according to the cultivar type and sampling site ( Table 2 ). No significant difference ( 2 ϭ 0.92 to 1.15; P Ն 0.278 to 0.338) in the frequencies of the 3-ADON and 15-ADON markers among isolates was observed in a comparison of isolates from the moderately FHB-resistant and the susceptible wheat cultivar groups at all sites analyzed. However, the frequencies of these markers differed significantly among isolates from individual cultivars at each site (data not shown). The frequencies among isolates from the wheat cultivars Alsen, Granite, and Saturn differed significantly among sampling sites, while the frequencies among isolates from the other seven cultivars did not differ significantly among sites. In general, the frequencies of isolates with the 3-ADON marker were higher among isolates from the wheat cultivars Alsen (84%) and Saturn (73%) than among isolates from the other cultivars. In contrast, the frequencies of isolates with the 15-ADON marker were higher among isolates from the wheat cultivars Briggs (94%), Glenn (71%), Knudson (100%), and Steele-ND (86%) than among isolates from the Table 2 ). The wheat cultivars Dapps, Granite, Gunner, and Norpro had nearly equal proportions of isolates associated with the 3-ADON and 15-ADON markers. The frequency of isolates with the 3-ADON marker was higher among isolates from Langdon (55%) than among those from Carrington (26%) and Minot (17%) in North Dakota, indicating that the sampling site influenced the frequency of trichothecene biosynthesis genes in G. zeae (Table 2) .
Chemical analysis of mycotoxins by GC-MS.
Among the 15 trichothecenes and 2 ZEA analogs analyzed, DON, 3-ADON, 15-ADON, b-ZEA, and ZEA were produced by G. zeae isolates in rice grain cultures (Table 3) . None of the isolates produced the 12 remaining mycotoxins (NIV, fusarenon X, DAS, scirpentriol, 15-acetoxyscirpentriol, T-2 toxin, iso-T-2 toxin, acetyl-T-2 toxin, T-2 triol, T-2 tetraol, HT-2 toxin, and neosolaniol) in detectable quantities.
The results of ANOVA revealed that the isolates differed significantly (P Ͻ 0.01) in DON, 3-ADON, 15-ADON, and ZEA production (Table 3 ). Pearson's correlation analysis of TRI-based genetic markers and chemical analysis results indicated that the TRI13-based PCR assay and the TRI3-and TRI12-based PCR assays were all 100% predictors of DON producers and 3-ADON and 15-ADON producers, respectively ( Table 3) .
The majority of isolates produced large amounts of DON, 3-ADON or 15-ADON, and ZEA (Fig. 3) . All isolates produced DON and ZEA, and the amounts ranged from 1 to 782 g of DON/g and 1 to 623 g of ZEA/g (Table 3 ). Most isolates (ϳ75%) produced DON at levels higher than those of either 3-ADON or 15-ADON. One wheat isolate, Fgw158, produced larger amounts of 15-ADON (27 g/g) than of DON (10 g/g), and one sugar beet isolate, Fgs5, produced higher levels of 3-ADON (59 g/g) than of DON (44 g/g). All isolates from sugar beets and most isolates from barley and potatoes produced low levels of ZEA. Approximately 22% of isolates produced b-ZEA, and these isolates were mainly from wheat. In general, 3-ADON producers yielded trace levels of FIG. 2. Frequency distribution of genetic markers for 3-ADON and 15-ADON among isolates of G. zeae from four crops as determined by TRI-based PCR assays. The numbers of G. zeae isolates used in the study were as follows: 28 from barley, 243 from wheat, 38 from potatoes, and 27 from sugar beets. TRI3-and TRI12-based multiplex PCR assays were used to differentiate between G. zeae isolates associated with the 3-ADON marker and the 15-ADON marker. 2 analysis revealed a highly significant difference ( 2 ϭ 22.52; P Ͻ 0.0001) in the frequencies of genetic markers for 3-ADON and 15-ADON in G. zeae isolates from four crops. Alsen  8  88  12  18  78  22  10  20  80  36  64  36  Glenn  10  20  80  8  38  62  10  30  70  28  29  71  Steele-ND  17  12  88  9  33  67  10  0  100  36  14  86   Subtotal  35  31  69  35  57  43  30  17  83  100  36  64   Susceptible wheat  cultivars  Briggs  10  0  100  8  13  87  18  6  94  Dapps  9  33  67  8  75  25  17  53  47  Granite  8  13  87  9  67  33  17  41  59  Gunner  8  25  75  10  60  40  18  44  56  Knudson  9  0  100  10  0  100  19  0  100  Norpro  9  56  44  7  43  57  16  50  50  Saturn  9  33  67  13  100  0  22  73  27   Subtotal  62  23  77  65  54  46  127  39  61   Total  97  26  74  100  55  45  30  17  83  227  37  63 a Values are percentages of isolates with the indicated trichothecene genotype. TRI (TRI3 or TRI12)-based multiplex PCR assays were used to differentiate between isolates with the 3-ADON marker and isolates with the 15-ADON marker.
or no 15-ADON. Likewise, 15-ADON producers also produced trace levels of or no 3-ADON.
The isolate Fgw115 from the wheat cultivar Glenn produced the largest amount of 3-ADON (236 g/g), followed by the isolate Fgp24 from potatoes (189 g/g). All 3-ADON producers from sugar beets yielded high 3-ADON levels ranging from 59 to 120 g/g. Two isolates from wheat, Fgw190 from cultivar Norpro and Fgw79 from cultivar Dapps, produced the highest levels of 15-ADON, 322 and 266 g/g, respectively. Except for one isolate (Fgp21) from potatoes, all isolates from barley, potatoes, and sugar beets produced relatively low levels of 15-ADON.
DISCUSSION
The DNA sequencing of representative isolates of G. zeae from barley, wheat, potatoes, and sugar beets revealed previously that these isolates belong to clade 7 of G. zeae (5) . A high 
a Isolate names in parentheses were used in a previous study of plant inoculation (6); isolates Fgw1 (W1), Fgw2 (W2), Fgw3 (W3), Fgw4 (W4), Fgw5 (W5), and Fgw6 (W6) were collected from Fargo, ND, whereas isolates Fgw7 (W7), Fgw8 (W8), Fgw9 (W9), and Fgw10 (W10) were collected from Idaho. TRI (TRI3 or TRI12)-based multiplex PCR assays were used to differentiate between isolates with the 3-ADON marker and isolates with the 15-ADON marker.
b ϩ, present; Ϫ, absent. c The standard errors for the levels of production of all mycotoxins by each isolate were calculated to determine the differences among different cultures of the same isolate.
d ND, not detected.
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on June 23, 2017 by guest http://aem.asm.org/ rate of gene flow among populations of G. zeae was observed based on variable-number tandem-repeat markers (5) . The assay of a subset of the 21 G. zeae isolates from susceptible wheat cultivars for mycotoxin production confirmed that these isolates are capable of producing significant amounts of DON (6) . All isolates of G. zeae analyzed using TRI-based genetic markers verified by chemical analyses in the present study had the DON marker, and none of the isolates had the NIV marker, supporting the hypothesis that isolates from the four crops had a nonfunctional pseudogene (TRI13) (8) . In addition, isolates associated with the 3-ADON and 15-ADON markers were detected in samples from potatoes and sugar beets and were similar to the isolates observed in samples from wheat. This is the first report indicating the existence of G. zeae isolates with the DON marker in potatoes and sugar beets in the Midwestern United States. Among isolates with the DON marker, isolates with the 15-ADON marker were predominant in both the cereal and noncereal crops examined. In previous studies, isolates with the 15-ADON marker were found mainly in wheat in the United States (13), Europe (17) , and China (18) . We found that the frequencies of isolates with the 3-ADON marker among isolates from potatoes and sugar beets were nearly twofold lower than the frequency among isolates from wheat. Intriguingly, isolates with the 3-ADON marker were not detected in samples from barley in this study. One possible explanation is that the strains of G. zeae from barley were collected from a single site at Fargo, which is far from the major barley-growing areas, and this restricted geographic sampling may have affected results, although the site is within a wheatgrowing area and is exposed to wheat populations of the fungus. Further collection of isolates from Fargo and other major barley-producing areas in North Dakota is needed to elucidate the spatial influence on trichothecene production by G. zeae in barley.
Our results indicated that the occurrence of isolates with the 3-ADON marker varied with the sampling site. For example, isolates with the 3-ADON marker were present at a higher level at Langdon than at Carrington and Minot. Langdon, located in northeast North Dakota, has a unique environment within North Dakota. Of all 73 weather stations within North Dakota consistently reporting weather data, Langdon had the coldest yearly average temperature over 30 years (37) . For June and July, two months favoring G. zeae inoculum production and infection, Langdon had 2.0°C-lower temperatures than Minot or Carrington. June and July precipitation levels at Langdon, Minot, and Carrington are about equal, but colder temperatures during this period at Langdon may result in higher relative humidity and higher dew points. For example, in 1993, the year of the most severe epidemic of FHB in North Dakota (25) , wheat in the Langdon area suffered with severe FHB infection. Temperatures during June and July at Langdon that year averaged even 2.7°C lower than the already low long-term averages for that location (25) . Several researchers (18, 19, 38) have reported that isolates with the 3-ADON marker are dominant in warm regions and that isolates with the 15-ADON marker are found mainly in cool regions. The occurrence of different trichothecene-producing isolates of G. zeae reported here and in previous studies (2, 7, 18, 22, 34) may be due to the relatively wide range of environmental conditions under which the host crops are grown. In particular, temperature and precipitation (11, 14) and substrate composition (31) were reported previously to be major factors influencing trichothecene production by G. zeae. We hypothesize that the uniqueness of the environment may play an important role in the trichothecene diversity in G. zeae populations in the region. Confirmation would require epidemiological studies.
Another hypothesis for the increasing frequency of isolates with the 3-ADON marker is the possible migration of such isolates into North Dakota from Manitoba, Canada. Recent findings revealed that the frequency of isolates with the 3-ADON marker increased 14-fold more than the frequency of isolates with the 15-ADON marker in western Canada between 1998 and 2004 (39) . In this study, we detected a nearly fourfold increase in the frequency of isolates with the 3-ADON marker in wheat samples compared to the frequencies in previous G. zeae populations collected from wheat in the same region during 1999 and 2000 (13) . However, the cause of this increased frequency of isolates with the 3-ADON marker is unknown. Geographically, all three sampling sites are near the Canadian border; the distance is approximately 25 km for Langdon, 90 km for Minot, and 180 km for Carrington. These data further support the hypothesis that climactic differences among sampling sites may have an impact on trichothecene production by G. zeae.
An additional hypothesis is that the variation in trichothecene production may be due to allelic polymorphism in the trichothecene biosynthesis gene cluster (30, 38) as a result of selection pressure from environments (38) and changes in protein function (20) . Collectively, these mechanisms may cause significant variation within the TRI gene cluster of G. zeae and may have an impact on the evolution of the different trichothecene-producing isolates of G. zeae (27, 38) . In our study, the diversity in trichothecene-specific markers observed in G. zeae isolates may be related to these mechanisms.
Our results showed no significant difference in the frequencies of isolates with the 3-ADON marker and isolates with the 15-ADON marker between the resistant and susceptible wheat cultivar groups. The majority of the wheat cultivars moderately resistant to FHB possess minor genes or quantitative trait loci (26) . We hypothesize that FHB resistance genes or quantitative trait loci may have little or no influence on variation between isolates with the 3-ADON marker and isolates with the 15-ADON marker in North Dakota. Our results are in agreement with those of a previous study (15) that also did not find a significant difference in the frequencies of isolates with the 3-ADON and 15-ADON markers between isolates from a moderately susceptible cultivar (Superb) and those from an intermediately resistant cultivar (AC Barrie) in Canada. Although isolates with the 15-ADON marker from four cultivars (Briggs, Glenn, Knudson, and Steele-ND) were dominant at all sites studied, the cause of the occurrence of isolates with the 15-ADON marker is unknown.
The type and quantity of mycotoxin produced by G. zeae isolates in rice cultures varied considerably. The majority of the isolates from potatoes and sugar beets produced DON (3-ADON or 15-ADON) and ZEA at levels similar to those produced by the isolates from barley and wheat. The isolates producing large amounts of DON also produced large amounts of ZEA and 3-ADON or 15-ADON. We hypothesize that this relationship may be due to common regulatory or metabolic responses in which specific isolates produce these mycotoxins. Further investigation is necessary to reveal the actual cause for this relationship. Small amounts of b-ZEA were produced mainly by wheat isolates. DON, 3-ADON, and 15-ADON production in rice cultures was higher than that in samples from the susceptible wheat cultivars (6) . Although a significant amount of ZEA was produced in rice cultures in this study, ZEA was not detected in samples from the susceptible wheat cultivars (6) . A possible explanation is that the environments and substrates used for these two tests were completely different and, more importantly, that mycotoxins produced by the fungus in rice cultures often may not mimic those produced in host plant tissue (23) .
Our data further indicated that there was a perfect correlation between TRI-based PCR-determined genotypes and chemical analysis results for DON, 3-ADON, and 15-DON production among 45 representative isolates of G. zeae from the four crops examined. For the detection of chemically confirmed DON and NIV producers, the three TRI-based PCR assays (Table 1 ) used in this study were reliable and confirmed that only isolates with the DON marker were present in this target fungal population.
In conclusion, the main goal of this study was to determine mycotoxin profiles of G. zeae populations from barley, wheat, potatoes, and sugar beets. TRI-based genetic marker assays detected isolates with the DON, 3-ADON, and 15-ADON markers from the four crops. Sampling sites had an influence on the distribution of isolates with the 3-ADON and 15-ADON markers in wheat, while the FHB-resistant cultivars had little or no influence on the distribution of isolates with these markers in North Dakota. Chemical analysis by GC-MS confirmed that these isolates produced detectable amounts of DON, 3-ADON, 15-ADON, and ZEA. In particular, G. zeae is an emerging pathogen for potatoes and sugar beets, and mycotoxin contamination may be a threat to potato and sugar beet industries in the United States. These findings may be useful for monitoring mycotoxin contamination and for the screening of trichothecene-resistant cultivars of both cereal and noncereal crops.
